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Supercritical fluid of substance is a condition at temperature and pressure above
its critical point, properties between that of a gas and a liquid. By adjusting the
density of carbon dioxide to tune the polarity, many compounds can be dissolved
in the supercritical fluid. The critical properties of some compound that are com-
monly used as supercritical fluid, can be seen in Table 5.1. To reduce solvent
caused environmental damage, supercritical fluids are suitable as a substitute for
organic solvent in both Industry and laboratorium process. Carbon dioxide and
water are the most commonly used in supercritical fluid because have low tem-
perature and pressure in supercritical fluid. In the recent year, the investigation
of supercritical fluid in various compounds significantly increased, and can be
used in several important applications, namely, in food process, pharmaceutical,
polymer, textile, nano technology, biotechnology, cosmetics, powder, energy and
environment.
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Table 1.1: Physicochemical Properties of selected supercritical fluids
Supercritical Fluid Tc/ K Pc /MPa ω 1030·µ/C·m
Ethane (C2H6) 305.3 4.87 0.099 0
methane (CH4) 190.6 4.6 0.011 0
Ethene (CH4) 282.4 5.04 0.087 0
propane (C3H8) 369.8 4.25 0.152 0.280
propene (C3H6) 365.6 4.665 0.141 1.221
n-butane (C4H10) 425.1 3.8 0.201 0.167
isobutane (R600a) 407.8 3.64 0.185 0.440
1-butene (C4H8) [] 419.5 4.02 0.194 1.001
pentane (C5H12) 469.7 3.37 0.251 1.234
hexane (C6H14) 507.8 3.03 0.299 0.167
dimethyl ether (C2H6O) 400.1 5.40 0.276 4.336
difluoromethane (R32) 351.3 5.78 0.277 6.598
trifluoromethane (R23) 299.3 4.83 0.263 5.500
chlorodifluoromethane (R22) 369.3 4.99 0.221 4.863
trichlorofluoromethane (R11) 471.1 4.41 0.189 1.501
1,1-difluoroethane (R152a) 386.4 4.52 0.275 7.545
1,1,1,2-tetrafluoroethane (R134a) 374.2 4.06 0.327 6.865
1,1,1,3,3,3-hexafluoropropane (R236fa) 398.1 3.20 0.377 6.611
carbon dioxide (CO2) 304.1 7.38 0.224 0
sulfur hexafluoride (SF6) 318.7 3.75 0.210 0
ammonia (NH3) 405.4 11.33 0.256 4.903
dinitrogen monoxide (N2O) 309.5 7.25 0.162 0.537
water (H2O) 647.1 22.06 0.344 6.188
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1.2 Supercritical Carbon Dioxide
In the phase diagram of carbon dioxide, in terms of pressure-temperature, the boil-
ing is living separately the gas and liquid region, then stops in the critical point,
where the liquid and gas phases depart to become a single supercritical phase. The
describe of phase diagram carbon dioxide can be seen in Figure 1.1. Due to the
properties of carbon dioxide that nonflammable, nontoxic, inexpensive, and has
a near-ambient critical temperature, is most commonly used in the supercritical
fluid. The property of molecule carbon dioxide is nonpolar which has a small po-
larity due to the presence of a quadrapole moment. Supercritical carbon dioxide
can be depicted as hydrophobic solvent with polarity similar that of n-hexane. For
that reason, non polar or light molecules easily dissolve in supercritical carbon
dioxide, whereas the polar or heavy molecules such as polymer, disperse dyes,
aliphatic fatty acid, protein, metal complex, fish oil had very poor solubilities.
1.3 Solubility in Supercritical Carbon Dioxide
In the supercritical fluid process, solubility is most important that should be known
well, can give direct impact on the rate, design, yield, and cost of the process.
Depending on design of the process of interested, wether a high solubility or ex-
tremely low solubility can be used in supercritical fluid process. High solubility
is required for extraction processes, in contrast, low solubility is required for CO2
solvent mixtures used in supercritical antisolvent precipitation processes to man-
ufacture particles. The solubility effects yield, cost, and most importantly is the
size and morpology of the product [1]. In other words, the solubility data plays a
16
Figure 1.1: The phase diagram of carbon dioxide
key role in the supercritical fluid process.
The solvent strength of a supercritical fluid from gas-like to liquid-like value





















Where E is the internal energy, v is the molar volume. Molar volume or density
of supercritical fluids is highly pressure or temperature dependent, and can be
varied from gas-like to liquid-like values, as illustrated in figure 1.2.
17
1.4 Measurement of Solubility in Supercritical Car-
bon Dioxide
Solubility can be defined as mole fraction (y2) or mass fraction (m2) of solute
in the supercritical fluid, which is in equilibrium with the majority solute. For
measurement of solubility can be divided into two major categories; static method,
and dynamic method.
1.4.1 Static Method
In this method, the solute is allowed to be in static contact for a long time with
the supercritical fluid to reach equilibrium, depend on the type of high-pressure
vessel used. These method have three kinds of variations, namely, analytical,
gravimetric, and synthetic.
Analytical Method
In this method, the sample vessel is discharged with the solute, then the vacum
is applied to removed air. A known amount of carbon dioxide is pumped to the
system. To reduce the equilibrium time, the fluid is permitted to contact solute by
a recirculation pump. A magnetic pump is used, once equilibrium is reached, a
small volume of sample is withdrawn, using a sample loop attached to the switch-
ing valve. once, the sample can be sent to high-pressure liquid chromatography
for online analysis, or collected for off-line analysis using other techniques. For
illustration of this method, Sung and Shim have reported [3], and also modified
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where n1 and n2 are the moles of carbon dioxide and solute, respectively. V is
sample volume, ρ1 is molar density of pure CO2.
Synthetic Method
This method is very convenient for determining binary-phase equilibria, and phase
boundaries in multicomponet mixtures. Interesting features of this method are the
investigation can be perform in a short time, and the low mass of the solute re-
quired. Synthetic methods cannot be used for solute that have the same refractive
index as CO2. A detailed illustration of this method, Abedi et al have been re-
ported [5]. This method does not require sample collection, and solubility of






In this method, a solute of known is placed in a vial and the vessel is filled with a
fluid. Once the fluid reaches the vial, dissolves the solute, brings it out. Over time,
the bulk of the fluid reaches the same equilibrium concentration as the fluid inside
the vial. Next, the vessel is simply depressurized, the mass of remaining solute in








where ∆n2 is initial moles of solute minus final moles in the vial, ∆n1 is the total
moles of CO2 minus that in the vial, ∆V is the vessel vial volume, and ρ1 is the
molar density of CO2. While the method is relatively simple, used only for solids
that exhibit solubility greater than 10−3 mole fraction that do not melt under the
experimental conditions, and that absorb a negligible amount of carbon dioxide.
For illustration, Galia et al [6] have been reported, also have been performed with
solubility of the order of 10−3 mole fraction. This method is relatively easy but
only for that has solubility greater than 10−3. In other words, it has not been
popularly adopted due to low accuracy.
Due to the large number of valves, several samplings in the static method cause
inaccuracies to arise. It hence must be care to ensure a leak-proof apparatus. In
line, analysis can solve the problem due to sample withdrawals. To solve the prob-
lem of static methods, in line analysis can affected the problem. Some researcher
have been successfully used this method by in-line analysis of solute concentra-
tion. Tuma et al, Haarhaus et al and wagner et al have been successfully used this
method. They used ultraviolet visible, and near-infrared spectrospies [7, 8, 9].
1.4.2 Dynamic Method
In this method, the equilibrium vessel is filled with a solute, and a supercriti-
cal fluid continuously flows through the vessel. Slight flow rate is used so that
the outlet stream is assumed to reach equilibrium, then analyzed for the solute
concentration by chromatographic, spectroscopic, gravimetric, and other analysis
methods. For on-line analysis, the fluid mixture is bypass directly to the analyzer
for baseline correction, and then the fluid is allowed to pass through the sample
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vessel. For off-line analysis, the sample is collected in the solvent or cold trap for
a given period of time (t), and then analyzed for solute amount. For illustration,








Where n1 and n2 are the moles of carbon dioxide and solute were collected in
time t, respectively. Q1 is volumetric flow rate of carbon dioxide, and ρ1 is molar
density of carbon dioxide.
Some benefits of dynamic methods can be summarized as follows:
• The dynamic method to reach equilibrium faster than the static methods.
Hence, in a short time, large data can be obtained.
• The determining procedure of dynamic method is uncomplicated.
• The equipment of dynamic method can be designed easily.
• By using gas flow meter at the exit, the flow of carbon dioxide can be mea-
sured absolutely.
Some weaknesses of dynamic methods can be outlined as follows:
• For heavy solute can stop up the exit restrictor or metering valve that causes
solute hold-up, resulting in a lower amount of solute collected in the trap
than the equilibrium amount.
• The mass-transfer rate between fluid and solute can cause the solute concen-
tration does not reach its equilibrium. To enhance mass transfer, the solute
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is typically covered onto silica beads and cotton with appropriate size before
being loaded into the equilibrium vessel.
• More solute accumulation in the trap than the equilibrium amount because
the solute droplets at high-flow rates.
• If the density of supercritical carbon dioxide is higher than the solute, the
solute will be thrust out of the column, resulting in the trap much higher
than the equilibrium amount.
• A possibility that the solute remains undetected in a sapphire solute vessel
is used.
1.5 Research Background and Objective
Due to the increasing environmental concerns in conventional dyeing process that
requires a large amount of water as a solvent, also generate much wastewater,
therefore, new method of textile production have been intensively studied in the
past years. Supercritical carbon dioxide can be used as a solvent to replace wa-
ter, in addition, carbon dioxide has lower critical properties, both temperature
and pressure, Tc (304.15 K) and Pc (7.383 MPa), respectively; it has inexpensive,
nonflammable, and nontoxic. To develop and design the supercritical dyeing tech-
nology, solubility of dye, phase behaviour, should be known well. However, only
a limited number of the experimental data for solubilities of dyestuffs in (sc-CO2)
is available in literature [10, 11, 12, 3, 13, 14, 15, 16, 17, 18]. Two main groups
are commonly used as disperse dyes of polyester textiles, namely, anthraquinone
and azo group. In particular, some researcher have been reported the solubility
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of anthraquinone dyestuffs in (sc-CO2), both dynamic and static methods, with
different model correlation, empirical, and semiempirical [10, 11, 12, 3, 13, 14,
15, 16, 17, 19, 18] , and also some authors have been reported as review of sol-
ubility data of anthraquinone, method, deviations of the solubility data, experi-
mental condition, of some researcher systematically [20, 21]. In this report, We
were measured some anthraquinone derivatives because have a crucial important
in polyester dyieng process. We apply some empirical equations, solution models
and equation of state to correlate the solubility.
1.5.1 Anthraquinone
Anthraquinone, also called anthracenedione or dioxoanthracene, is an aromatic
organic compound with formula C14H8O2. Several isomers are possible, each of
which can be viewed as a quinone derivative. The term anthraquinone, however,
almost invariably refers to one specific isomer, 9,10-anthraquinone (IUPAC: 9,10-
dioxoanthracene) wherein the keto groups are located on the central ring. It is a
building block of many dyes. Molecule structure of anthraquinone can be seen in
Figure 1.3. Applications of anthraquinone as
1. Dyestuff
2. Digester additive




Figure 1.2: Carbon dioxide-density dependence with pressure and temperature
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Figure 1.3: The chemical structure of anthraquinone.
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In this chapter, explained experimental data, once correlated the solubility data by
using empirical models. Also explained who proposed the model and parameters
used of solubility in supercritical carbon dioxide.
2.2 Introduction
Two major approaches to modeling solubilities in supercritical carbon dioxide,
namely, equation of state (EOS), and empirical density based correlations. For
Equation of state (EOS) requires the selection of equation and mixing rules, and
also knowledge of pure component of the solute. The empirical model does not
require knowledge of solute properties, is correlated existing solubility data that
obtained from experimental work. Solubility of anthraquinone dyestuffs in su-
percritical carbon dioxide (sc-CO2) have been measured at the temperature of
(323.15, 353.15 and 383.15) K and over pressure ranges (12.5 to 25.0) MPa, for
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the following systems:
• 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) + Carbon dioxide
• 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) + Carbon dioxide
• 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) + Carbon dioxide
• 1-hydroxy-4-nitroanthraquinone + Carbon dioxide
• 1,4-diamino-2,3-dichloroanthraquinone + Carbon dioxide
• 1,8-dihydroxy-4,5-dinitroanthrquinone + Carbon dioxide
• 1-aminoanthraquinone (Smoke Orange G) + Carbon dioxide
• 1-nitroanthraquinone + Carbon dioxide
The experimental data have been correlated by the empirical model, or density-
based models. Good agreement between the experimental and calculated solubil-
ities of dyestuff was obtained.
2.3 Materials
The chemical name, supplier, and purity of the chemicals used are presented in
Table 2.1 . These compounds were used directly without any further purification.
Figure 2.1 to figure 2.6 illustrated chemical structure of anthraquinone derivatives
used.
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Table 2.1: The chemical name, source, and purity of the chemicals.
Chemical name Source Mass fraction
purity / %
1,4-diaminoanthraquinone Wako Pure Chemicals >96
(C.I. Disperse Violet 1)
1,4-bis(ethylamino)anthraquinone Aldrich >98
(C.I. Solvent Blue 59 )
1-amino-4-hydroxyanthraquinone Tokyo Chemical Industry CO.,LTD >98
(C.I. Disperse Red 15)
1-hydroxy-4-nitroanthraquinone Tokyo Chemical Industry CO.,LTD >97
1-aminoanthraquinone Tokyo Chemical Industry CO.,LTD >98
(Smoke Orange G)
1,8-dihydroxy-4,5-dinitroanthraquinone Tokyo Chemical Industry CO.,LTD >98
(4,5-dinitrochrysazin)
1-nitroanthraquinone Tokyo Chemical Industry CO.,LTD >98
1,4-diamino-2,3-dichloroanthraquinone Tokyo Chemical Industry CO.,LTD >93
(C.I. Disperse Violet 28)
Carbon dioxide Uno Sanso >99,9
Ethanol Japan Alcohol Trading Company >99
Acetone Wako Pure Chemicals >98
MW : 238.25
m.p.   : 539.15 K





Figure 2.2: Chemical structure of 1,4-bis(ethylamino)anthraquinone (C.I. Solvent
Blue 59).
MW : 239.23
m.p.   : 488.15 K
Figure 2.3: Chemical structure of 1-amino-4-hydroxyanthraquinone (C.I. Dis-
perse Red 15).
MW : 269.21
m.p.   : 546.15 K
Figure 2.4: Chemical structure of 1-hydroxy-4-nitroanthraquinone.
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MW : 223.23
m.p.   : 526-528 K
Figure 2.5: Chemical structure of 1-aminoanthraquinone (Smoke Orange G)
MW : 330.21
m.p.   : 573 K
Figure 2.6: Chemical structure of 1,8-dihydroxy-4,5-dinitroanthrquinone.
Figure 2.7: Chemical structure of 1-nitroanthraquinone.
Figure 2.8: Chemical structure of 1,4-diamino-2,3-dichloroanthraquinone.
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2.4 Experimental apparatus and procedure
The solubility measurement of eight anthraquinones dyestuffs were performed us-
ing a flow-type apparatus. The flow diagram of the experimental setup is shown in
Figure 2.14 . The equilibrium cell (150 mm long by 4.4 mm i.d.) used, is charged
with ±0.1 g of dye mixed with glass beads, were plugged with glass wool at
both inlet and outlet sides of the equilibrium cell to make a uniform flow distribu-
tion of the supercritical fluids. The uncertainties of the temperature and pressure
measurements were ±0.1 K and ±0.1 MPa, respectively. After the carbon diox-
ide in the system reached the equilibrium pressure and temperature, a six-way
valve (Rheodyne, model 7060) was turned to flow the carbon dioxide into the
cell. Carbon dioxide flow rate of 2.5 cm3. min−1, was determined from prelimi-
nary experiments. Figure 2.9 show the relationship between flow rate of pump and
solubility for 1,4-diaminoanthraquinone, and saturation time was around 30 min
was also determined from preliminary experiments at the flow rate of 2.5 cm3.
min−1. Figure 2.10 shows the relationship between measurement time and solu-
bility for 1,4-diaminoanthraquinone. The line from the exit of the oven to the back
pressure regulator and cold trap was temperature controlled by a flexible heater to
prevent it from clogging with dry ice or deposited dye in the flow lines. After ev-
ery experimental run, the whole line of the apparatus was rinsed with appropriate
solvent (e.g., ethanol). The solvent remaining in the line was completely removed
by flowing fresh carbon dioxide through the line heated at 373.15 K with the
oven and flexible heater. The solutes dissolved into supercritical carbon dioxide
were collected by a two-step ice-cold trap filled with ethanol. Absorbance of the
absorbed anthraquinone in solution was measured using a UV-visible spectropho-
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Table 2.2: The wavelengths of the light source.









tometer (Shimadzu, BioSpec-1600), the anthraquinone concentration was directly
determined from the UV-absorbance of the dye. Figure 2.11 and Figure 2.12 il-
lustrated the relationship between UV.Absorbance and concentration for 1-amino-
4-hydroxyanthraquinone (C.I. Disperse Red 15) and 1,4-diaminoanthraquinone,
respectively. The wavelengths of the light source is summarized in Table 2.2. The
solubility of the dyes was calculated from the anthraquinone concentration and
volume of carbon dioxide measured by a wet gas meter (Shinagawa, W-NK-1B).
Three replicates were performed at each experimental condition, and the solubil-
ity obtained is the average of these results. The standard procedures for apparatus,
calculate, will be explained in the next section.
2.5 The standard operational procedures for mea-
sure solubility
1. Weigh ±0.1 g of dye. Set the column by fill it with cotton, glass bead and
dye as shown in Figure 2.13.
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Figure 2.9: Relationship between flow rate of pump and solubility for 1,4-
diaminoanthraquinone.
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Figure 2.10: Relationship between measurement time and solubility for 1,4-
diaminoanthraquinone.
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Figure 2.11: Relationship between UV.Absorbance and concentration for 1-
amino-4-hydroxyanthraquinone (C.I. Disperse Red 15).
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Figure 2.12: Relationship between UV.Absorbance and concentration for 1,4-
diaminoanthraquinone.
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Figure 2.13: Composition of column.
2. Measure the atmospheric pressure. Weigh a 250 ml volumetric flask.
3. Set out traps, container 1 is empty. To the container 2 add 40 mL ethanol as
co-solvent.
4. Turn on the cool circulator, to wait until the temperature is -50C
5. While waiting the cool circulator, set the column in the oven.
6. Set the valve ( 4 1 ⊗ 3 ⊗ 2⊗ ),  = Opening the valve ⊗ = Closing the
valve
7. Set up back pressure and temperature for adjustable pressure and tempera-
ture
8. Turn on ribbon heater
9. Open the CO2 cylinder (cool circulator is reach -50C)
10. Without delay, turn on the CO2 pump
11. Wait until reach the appropriate pressure (is shown by the bubble of buffer
sharpness)
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12. Wait about 20 minute to ensure that the flow is uniform
13. Write the feed of CO2, temperature of gas and temperature of liquid. The
extraction time is 30 minute.
14. Write the feed of CO2
15. Change the line from bypass line line to extraction
16. wait about 30 minute for extract the solute
17. Turn off CO2 pump, closed CO2 cylinder.
18. Set the valve ( 4⊗ 1  3 ⊗ 2  ),  = Opening the valve ⊗ = Closing the
valve
19. Write the feed of CO2
20. Make the pressure to 0 MPa
21. Turn off oven and ribbon heater.
22. Take out the column to cool
23. Set the valve ( 4⊗ 1  3  2⊗ ),  = Opening the valve ⊗ = Closing the
valve
24. Turn on solvent pump, wait for 15 minute (bypass line), 10 minute for ex-
traction line
25. Clean the solute by using ethanol, and then input to the volumetric flask that
already weighted.
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26. Clean the solvent by acetone for washing the tube, 15 minute for extraction
line, 10 minute for bypass line.
27. Turn off solvent pump.
28. Dry the tube by set the valve ( 4 1 ⊗ 3⊗ 2 ),  = Opening the valve ⊗
= Closing the valve
29. turn on Oven, ribbon heater, set up the temperature 1000C
30. Open the CO2 cylinder, 10 minute for extraction line, 5 minute for bypass
line
31. Closed the the CO2 cylinder, turn off oven, and ribbon heater
32. Analyse the solute by using UV-Vis spectrophotometry
2.6 The calculate procedure
In this section, we will be explained how to calculate the solubility data by ap-








where y2 (mol/mol) is solubility of solute, P0 (atm) is atmospheric pressure, R is
the gas constant, Tg is temperature of gas, and Pwater can be calculate by using
Antoine equation as





























Figure 2.14: The flow diagram of experimental apparatus.
where A, B, C, were Antoine constant, A = 19.3036, B = 3816.44, C = -46.13 (at
the temperature range 284 - 441 K) [1].
2.7 Experimental results and discussion
The solubilities of anthraquinone dyestuffs in supercritical carbon dioxide were
measured at the temperature of (323.15, 353.15, and 383.15) K and over the pres-
sure ranges (12.5 to 25.0) MPa, and experimental data obtained, CO2 density were
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given in Tables 2.3, 2.4, and 2.6.
2.7.1 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) and
1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59)
systems
The solubilities of 1,4-diaminoanthraquinone and 1,4-bis(ethyl amino)anthraquinone
in supercritical carbon dioxide at temperature range of (323.15, 353.15, and 383.15)
K and over the pressure range from (12.5 to 25.0) MPa were summarised in Ta-
ble 2.3, together with CO2 density caculated by Span-Wagner equation of state
[2]. Figures 2.15 and 2.27, the solubility data of 1,4-diaminoanthraquinone (C.I.
Disperse Violet 1) at the temperature 353.15 K is good agreement results with
the literature [3]. Figures 2.16 and 2.28 illustrate the experimental results of 1,4-
bis(ethylamino)anthraquinone show that the similar trend with those measured by
Kautz et al.[4] at the different temperatures. The solubility increases with rise
of temperature and pressure. The solubility of 1,4-bis(ethylamino)anthraquinone
was higher than that of 1,4-diaminoanthraquinone. It was found that the alk-
ilamino group attachment in the anthraquinone molecule causes higher solubil-
ity of 1,4-bis(ethylamino)anthraquinone. In other words, alkylamino in the an-
thraquinone dyestuff acts an important part in the appeasing of solubility.
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Table 2.3: Solubilities of 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) and
1,4-bis(ethylamino) anthraquinone (C.I. Solvent Blue 59) in sc-CO2 and CO2 den-
sity.
T = 323.15 K T = 353.15 K T = 383.15 K
P y2 ρ P y2 ρ P y2 ρ
(MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3)
1,4-diaminoanthraquinone (C.I. Disperse Violet 1)
15.0 2.79 15899.9 15.0 1.30 9705.9 15.0 1.79 6887.1
17.5 4.40 17025.1 17.5 3.46 11883.8 17.5 4.23 8441.5
20.0 5.99 17820.8 20.0 7.15 13494.5 20.0 8.73 9926.1
22.5 7.56 18442.0 22.5 10.90 14679.4 22.5 16.8 11247.3
25.0 10.20 18954.7 25.0 16.20 15592.5 25.0 26.1 12376.3
1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59)
12.5 6.27 13929.4 12.5 1.10 7217.7 12.5 2.81 5385.9
13.5 9.68 14894.4
15.0 19.00 15899.9 15.0 7.27 9705.9 15.0 9.67 6887.1
16.5 23.55 16629.3 16.5 13.65 11081.3 16.5 16.75 7821.0
17.5 26.94 17025.1 17.5 22.20 11883.8 17.5 19.15 8441.5
18.5 31.40 17371.0 18.5 28.60 12591.1 18.5 28.4 9050.3
20.0 33.97 17820.8 20.0 44.83 13494.5 20.0 53.7 9926.1
22.5 39.98 18442.0 22.5 75.25 14679.4 22.5 81.95 11247.3
23.5 43.83 18657.7
25.0 57.23 18954.7 25.0 97.13 15592.5 25.0 148.5 12376.3
ρ (mol·m−3), CO2 density calculated by Span-Wagner equation of state [2].
2.7.2 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15)
and 1-hydroxy-4-nitroanthraquinone systems
The solubilities of 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) and
1-hydroxy-4-nitroanthraquinone in supercritical carbon dioxide at temperature
range of (323.15, 353,15 and 383.15) K and over the pressure range from (12.5
to 25.0) MPa are outline in Table 2.4, along with CO2 density obtained from the
NIST fluid property database. The solubility increases with rise of temperature
46
and pressure. The solubility of 1-amino-4-hydroxyanthraquinone (C.I. Disperse
Red 15) was higher than 1-hydroxy-4-nitroanthraquinone. It was found that the
amino group addition in the anthraquinone molecule causes higher solubility of
anthraquinone in supercritical carbon dioxide compared with the nitro group.
Table 2.4: Solubilities of 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red
15) and 1-hydroxy-4-nitroanthraquinone in sc-CO2 and CO2 density.
T = 323.15 K T = 353.15 K T = 383.15 K
P y2 ρ P y2 ρ P y2 ρ
(MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3)
1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15)
12.5 18.4 13929.4 12.5 4.0 7217.7 12.5 13.2 5385.9
15.0 32.7 15899.9 15.0 13.6 9705.9 15.0 21.4 6887.1
17.5 45.5 17025.1 17.5 39.1 11883.8 17.5 51.9 8441.5
20.0 61.7 17820.8 20.0 68.4 13494.5 20.0 94.1 9926.1
22.5 72.6 18442.0 22.5 125.0 14679.4 22.5 138 11247.3
23.5 87.6 18657.7 23.5 149.0 15070.8
25.0 99.9 18954.7 25.0 177.5 15592.5 25.0 226 12376.3
1-hydroxy-4-nitroanthraquinone
15.0 12.2 15899.9 15.0 5.64 9705.9 15.0 8.0 6887.1
17.5 17.2 17025.1 17.5 13.7 11883.8 17.5 17.6 8441.5
20.0 21.7 17820.8 20.0 28.1 13494.5 20.0 30.3 9926.1
22.5 28.7 18442.0 22.5 38.5 14679.4 22.5 53.6 11247.3
25.0 35.9 18954.7 25.0 55.1 15592.5 25.0 88.2 12376.3
ρ (mol·m−3), CO2 density calculated by Span-Wagner equation of state [2].
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2.7.3 1,4-diamino-2,3-dichloroanthraquinone (C.I. Disperse Vi-
olet 28) and 1,8-dihydroxy-4,5-dinitroanthraquinone sys-
tems
The solubilities of 1,4-diamino-2,3-dichloroanthraquinone (C.I. Disperse Violet
28) and 1,8-dihydroxy-4,5-dinitroanthraquinone in supercritical carbon dioxide at
temperature range of (323.15, 353,15 and 383.15)K and over the pressure range
from (12.5 to 25.0) MPa are outline in Table 2.5, along with CO2 density obtained
from Span-Wagner equation of state [2]. The solubility increases with rise of tem-
perature and pressure. The solubility of 1,4-diamino-2,3-dichloroanthraquinone
(C.I. Disperse Violet 28) was higher than that of 1,8-dihydroxy-4,5-dinitroanthraquinone.
2.7.4 1-aminoanthraquinone (Smoke Orange G) and 1-nitroanthraquinone
systems
The solubilities of 1-aminoanthraquinone (Smoke Orange G) and 1-nitroanthraquinone
in supercritical carbon dioxide at temperature range of (323.15, 353,15 and 383.15)K
and over the pressure range from (12.5 to 25.0) MPa are outline in Table 2.6,
along with CO2 density obtained from Span-Wagner equation of state [2]. The
solubility increases with rise of temperature and pressure. The solubility of 1-
aminoanthraquinone (Smoke Orange G) was higher than 1-nitroanthraquinone. It
was found that the amino group addition in the anthraquinone molecule causes
higher solubility of anthraquinone in supercritical carbon dioxide compared with
the nitro group.
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Table 2.5: Solubilities of 1,4-diamino-2,3-dichloroanthraquinone (C.I. Disperse
Violet 289 and 1,8-dihydroxy-4,5-dinitroanthraquinone (4,5-dinitrochrysazin) in
sc-CO2 and CO2 density.
T = 323.15 K T = 353.15 K T = 383.15 K
P y2 ρ P y2 ρ P y2 ρ
(MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3)
1,4-diamino-2,3-dichloroanthraquinone (C.I. Disperse Violet 28)
12.5 5.13 13929.4 12.5 0.53 7217.7 12.5 1.77 5385.9
15.0 7.33 15899.9 15.0 3.23 9705.9 15.0 4.23 6887.1
17.5 9.59 17025.1 17.5 8.83 11883.8 17.5 8.46 8441.5
20.0 12.35 17820.9 20.0 15.3 13494.5 16.76 151.10 9926.1
22.5 12.65 18442.0 22.5 23.85 14679.5 22.5 31.15 11247.3
25.0 15.95 18954.7 25.0 31.40 15592.5 25.0 52.35 12376.3
1,8-dihydroxy-4,5-dinitroanthraquinone (4,5-dinitrochrysazin)
15.0 2.19 15899.9 15.0 1.68 9705.9 15.0 2.28 6887.1
17.5 3.55 17025.1 17.5 2.91 11883.8 17.5 4.12 8441.5
20.0 4.33 17820.9 20.0 4.46 13494.5 20.0 7.29 9926.1
22.5 5.40 18442.0 22.5 7.38 14679.4 22.5 9.05 11247.3
25.0 5.80 18954.7 25.0 8.79 15592.5 25.0 11.15 12376.3
ρ (mol·m−3), CO2 density calculated by Span-Wagner equation of state [2].
2.8 Correlate by empirical models
The empirical models, density-based models, are most applied for modeling the
solubility of solid in supercritical carbon dioxide. The density-based models are
based on the linear relationship between the logarithm of the solubility and the
logarithm of the solvent density within a certain range of pressure and temper-
ature. In this section, we will present the correlated result by using some em-
pirical model. Table 2.7 summarized the parameter of Mendez - santiago - Teja
model (MST), Table 2.8 summarized the parameter of Chrastil model, Table 2.10
summarized the parameter of Chrastil model modified by Sung-Shim, Table 2.9
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Table 2.6: Solubilities of 1-aminoanthraquinone (Smoke Orange G) and 1-
nitroanthraquinone in sc-CO2 and CO2 density.
T = 323.15 K T = 353.15 K T = 383.15 K
P y2 ρ P y2 ρ P y2 ρ
(MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3) (MPa) (·107) (mol·m−3)
1-aminoanthraquinone (Smoke Orange G)
12.5 23.1 13929.4 12.5 5.50 7217.7 12.5 12.8 5385.9
15.0 53.3 15899.9 15.0 23.3 9705.9 15.0 30.6 6887.1
17.5 73.4 17025.1 17.5 64.0 11883.8 17.5 73.8 8441.5
20.0 95.4 17820.9 20.0 117 13494.5 20.0 151.1 9926.1
22.5 117.5 18442.0 22.5 166 14679.5 22.5 267.7 11247.3
25.0 138.2 18954.7 25.0 249.5 15592.5 25.0 351.3 12376.3
1-nitroanthraquinone
12.5 30.9 13929.4 12.5 9.8 7217.7 12.5 15.5 5385.9
15.0 46.6 15899.9 15.0 20.3 9705.9 15.0 26.9 6887.1
17.5 59.9 17025.1 17.5 42.6 11883.8 17.5 51.1 8441.5
20.0 69.9 17820.9 20.0 68.3 13494.5 20.0 103 9926.1
22.5 88.4 18442.0 22.5 114.8 14679.5 22.5 164.2 11247.3
25.0 105.7 18954.7 25.0 184.7 15592.5 25.0 252.3 12376.3
ρ (mol·m−3), CO2 density calculated by Span-Wagner equation of state [2].
summarized the parameter of Kumar-Johnston model.
2.8.1 Mendez-Santiago and Teja model
Mendez-Santiago and Teja [5] proposed a linear approximate expression on for
the solubility of a solid in sc-CO2 as:
T ln y2P = A1+A2ρ+A3T (2.3)
where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and A1, A2, and A3 are parameters of equation 2.3, obtained from the regres-
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sion of experimental solubility values. Table 2.7 summarized the parameter of
Mendez - santiago - Teja model (MST) along average absolute relative deviation
(AARD) between the experimental and calculated values. Figures 2.15 to 2.20
show the comparisons between experimental solubility data with those calculated
from Mendez - Santiago - Teja (equation 2.3).
Table 2.7: Parameters of Mendez - Saintiago- Teja (equation 2.3) and average ab-
solute relative deviation (AARD) between the experimental and calculated values.
System Parameters AARD / %
A1 A2 A3
1,4-diaminoanthraquinone + CO2 -12424 0.19644 30.201 10.11
1,4-bis(ethylamino)anthraquinone + CO2 -12885 0.21211 32.618 20.24
1-Amino-4-hydroxyanthraquinone + CO2 -11410 0.18286 30.201 12.73
1-hydroxy-4-nitroanthraquinone + CO2 -11249 0.17791 28.908 9.30
1,4-diamino-2,3-dichloroanthraquinone + CO2 -11511 0.18864 28.66 23.76
1,8-dihydroxy-4,5-dinitroanthrquinone + CO2 -9133.7 0.13965 22.753 7.65
1-aminoanthraquinone + CO2 -11840 0.19145 31.507 17.72
1-nitroanthraquinone + CO2 -9705 0.15924 26.34 15.7
2.8.2 Chrastil Model
Chrastil [6] proposed a density based models as shown below:
c = dk exp (a/T +b) (2.4)
where c is the concentration of solute, d is the density of a gas, k is an association
number. This equation can be rewritten as,





Figure 2.15: Plot of (Tln(y2P)-a3T) against density ρ/(mol·m−3) to correlate
results for 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) from Mendez-
Santiago -Teja model (equation 2.3).
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Figure 2.16: Plot of (Tln(y2P)-a3T) against density ρ/(mol·m−3) to correlate re-
sults for 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) from Mendez -
Santiago -Teja model (equation 2.3).
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Figure 2.17: Plot of (Tln(y2P)-a3T) against density ρ/(mol·m−3) to correlate re-
sults for 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) from Mendez -
Santiago -Teja model (equation 2.3).
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Figure 2.18: Plot of (Tln(y2P)-a3T) against density ρ/(mol·m−3) to correlate
results for 1-hydroxy-4-nitroanthraquinone from Mendez-Santiago-Teja model
(equation 2.3).
55
Figure 2.19: Plot of (Tln(y2P)-a3T) against density ρ/(mol·m−3) to correlate
results for 1-aminoanthraquinone from Mendez-Santiago-Teja model (equation
2.3).
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Figure 2.20: Plot of (Tln(y2P)-a3T) against density ρ/(mol·m−3) to correlate
results for 1,8-dihydroxy-4,5-dinitroanthrquinone from Mendez-Santiago-Teja
model (equation 2.3).
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where y2 is the solubility of the solute in mole fraction, and k, a, and b are
parameters of equation 2.5. Table 2.8 listed the Parameters of Chrastil model
(equation 2.4) with average absolute relative deviation (AARD) between the ex-
perimental and calculated values. Figures 2.21 to 2.26 illustrated the comparisons
between the experimental and calculated values.
Table 2.8: Parameters of Chrastil model (equation 2.4) and average absolute rela-
tive deviation (AARD) between the experimental and calculated values.
System Parameters AARD / %
k a b
1,4-diaminoanthraquinone + CO2 4.94 -6851.5 -41.586 13.78
1,4-bis(ethylamino)anthraquinone + CO2 5.34 -7394.7 -42.048 16.25
1-amino-4-hydroxyanthraquinone + CO2 4.27 -6185.1 -34.739 17.78
1-hydroxy-4-nitroanthraquinone + CO2 4.37 -6066.5 -37.059 12.18
1,4-diamino-2,3-dichloroanthraquinone + CO2 4.52 -6406.7 -38.099 15.8
1,8-dihydroxy-4,5-dinitroanthrquinone + CO2 3.16 -4724.6 -31.068 13.69
1-aminoanthraquinone + CO2 4.56 -6626.4 -35.854 15.07
1-nitroanthraquinone + CO2 3.54 -4949.7 31.264 16.8
2.8.3 Kumar and Johnston model
Kumar and Johnston [7] proposed a density based models as shown below:




where y2 is the solubility of the solute in mole fraction, ρ is the density of
sc-CO2 and A, B, and C are parameters of equation 2.6. The parameter of Kumar
- Johnston model (equation 2.6) and average absolute relative deviation (AARD)
between the experimental and calculated values was listed in Table 2.9. Figures
2.27 to 2.32 show that the comparisons between the experimental and calculated
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Figure 2.21: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) from Chrastil model
(equation 2.4).
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Figure 2.22: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) from Chrastil
model (equation 2.4).
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Figure 2.23: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) from Chrastil
model (equation 2.4).
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Figure 2.24: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-hydroxy-4-nitroanthraquinone from Chrastil model (equation 2.4).
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Figure 2.25: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-aminoanthraquinone from Chrastil model (equation 2.4).
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Figure 2.26: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate




Table 2.9: Parameters of Kumar - Johnston model (equation 2.6) and average ab-
solute relative deviation (AARD) between the experimental and calculated values.
System Parameters AARD / %
A B C(·104)
1,4-diaminoanthraquinone + CO2 2.377 -7997 4.523 5.80
1,4-bis(ethylamino)anthraquinone + CO2 4.793 -8494 5.062 15.90
1-amino-4-hydroxyanthraquinone + CO2 3.198 -7309.3 4.20 9.34
1-hydroxy-4-nitroanthraquinone + CO2 1.804 -7082.1 4.0 5.50
1,4-diamino-2,3-dichloroanthraquinone + CO2 1.542 -7362.6 4.34 19.60
1,8-dihydroxy-4,5-dinitroanthrquinone + CO2 -2.472 -5717.7 3.074 7.09
1-aminoanthraquinone + CO2 4.367 -7683.9 4.44 14.17
1-nitroanthraquinone + CO2 0.271 -5889.5 3.49 12.70
2.8.4 Sung-Shim model
Sung and Shim [8] modified Chrastil’s equation into forms log-log relationship
between solubility and density as;










where y2 is the solubility of the solute in mole fraction, ρ is the density of
sc-CO2 and a0, a1, a2, and a3 are parameters of equation 2.7, obtained from the
regression of experimental solubility values. 2.10 summarised Parameters of Sung
- Shim (equation 2.7) and average absolute relative deviation (AARD) between the
experimental and calculated values. Figures 2.33 to 2.38 show that the compar-
isons between the experimental and calculated values by using Sung-Shim model.
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Figure 2.27: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) from Kumar - John-
ston model (equation 2.6).
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Figure 2.28: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) from Kumar
- Johnston model (equation 2.6).
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Figure 2.29: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) from Kumar
- Johnston model (equation 2.6).
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Figure 2.30: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-hydroxy-4-nitroanthraquinone from Kumar - Johnston model (equa-
tion 2.6).
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Figure 2.31: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-aminoanthraquinone from Kumar - Johnston model (equation 2.6).
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Figure 2.32: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,8-dihydroxy-4,5-dinitroanthrquinone from Kumar - Johnston model
(equation 2.6).
71
Figure 2.33: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) from Sung - Shim
(equation 2.7).
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Figure 2.34: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) from Sung -
Shim (equation 2.7).
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Figure 2.35: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) from Sung -
Shim (equation 2.7).
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Figure 2.36: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-hydroxy-4-nitroanthraquinone from Sung - Shim (equation 2.7).
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Figure 2.37: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-aminoanthraquinone from Sung - Shim (equation 2.7).
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Figure 2.38: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,8-dihydroxy-4,5-dinitroanthrquinone Sung - Shim (equation 2.7).
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Table 2.10: Parameters of Sung - Shim (equation 2.7) and average absolute rela-
tive deviation (AARD) between the experimental and calculated values.
System Parameters AARD
a1 a2 a3 a4 / %
1,4-diaminoanthraquinone + CO2 61.826 -45102 -5.768 3958.4 4.04
1,4-bis(ethylamino)anthraquinone + CO2 51.626 -41559 -4.47 3571.5 7.98
1-amino-4-hydroxyanthraquinone + CO2 75.361 -46454 -7.226 4199.1 9.80
1-hydroxy-4-nitroanthraquinone + CO2 57.160 -40917 -5.389 3606.5 4.55
1,4-diamino-2,3-dichloroanthraquinone + CO2 39.898 -34911 -3.645 2979.4 11.3
1,8-dihydroxy-4,5-dinitroanthrquinone + CO2 59.400 -38183 -6.208 3462.5 6.58
1-aminoanthraquinone + CO2 52.966 -39086 -4.733 3392.8 3.05
1-nitroanthraquinone + CO2 30.821 -27704 -2.929 2370 12.4
2.8.5 Garlapati and Madras model














where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a0, a1, and a2 are parameters of equation 2.8.
2.8.6 Wang model
Chrastil modified by by Wang [?] proposed a density based models as shown
below:
ln y j = a0+a1ρ+
a2
T
+a3 ln P (2.9)
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where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a0, a1, a2 and a3 are parameters of equation 2.9, obtained from the regression
of experimental solubility values.
2.8.7 Gonzalez model
Chrastil modified by Gonzalez [10] proposed a density based models as shown
below:
ln γ j = a0+a1 ln ρ+
a2
T
+a3 ln γc (2.10)
where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a0, a1, a2 and a3 parameters of equation 2.10, obtained from the regression of
experimental solubility values.
2.8.8 Adachi and Lu model
Chrastil modified by Adachi and Lu [11] proposed a density based models as
shown below:








where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-
CO2 and a0, a1, b0, b1 and b2 are parameters of equation 2.11, obtained from the
regression of experimental solubility values.
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2.8.9 Thakur and Gupta model







where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a0, a1, a2 and a3 are parameters of equation 2.12, obtained from the regression
of experimental solubility values.
2.8.10 Bartle Model






= a0+a1(ρ−ρre f )+ a2T (2.13)
where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2,
ρre f is 700 kg/m3, Pre f is 0.1 MPa and a0, a1, and a2, are parameters of equation
2.13.
2.8.11 Del Valle and Aguilera model
Del Valle and Aguilera [14] proposed a density based models as shown below:







where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-
CO2 and a0, a1, a2, and a3 are parameters of equation 2.14 , obtained from the
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regression of experimental solubility values.
2.8.12 Mendez Santiago Teja model for co-solvent systems







where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a0, a1, and a2 are parameters of equation 2.15, obtained from the regression
of experimental solubility values.
2.8.13 Sauceau model for co-solvent systems






= a0+a1ρ f +a2yc+a3T (2.16)
where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-
CO2 and a0, a1, a2, and a3 are parameters of equation 2.16, obtained from the
regression of experimental solubility values.
2.8.14 Yu et al. Model
Yu et al. [17] proposed a density based models as shown below:
y j = a0+a1P+a2P2+a3PT (1− y2)+a4T +a5T 2 (2.17)
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where y2 is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a0, a1, a2, a3, a4, and a5 are parameters of equation 2.17, obtained from the
regression of experimental solubility values.
2.8.15 Gordillo et al. Model
Gordillo et al. [18, 19] proposed a density based models as shown below:
y j = a0+a1P+a2P2+a3PT +a4T +a5T 2 (2.18)
where y j is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a0, a1, a2, a3, a4, and a5 are parameters of equation 2.18, obtained from the
regression of experimental solubility values.
2.8.16 Ziger and Eckert Model
Ziger et al. [20] proposed a density based models as shown below:
















2.8.17 Anderson et al. Model
Anderson et al. [21] proposed a density based models as shown below:

























2.8.18 Perez et al. Model
Perez et al. [22] proposed a density based models as shown below:
P = (a1+b1yc)y j2+(a2+b2yc)y j +(a3+b3yc) (2.21)
where y j is the solubility of the solute in mole fraction, ρ is the density of sc-CO2
and a1, and a2 are parameters of equation 2.21, obtained from the regression of
experimental solubility values.
2.8.19 Wubbolts et al. Model
Wubbolts et al. [23] proposed a density based models as shown below:
yeqs = y
0
s (1− xCO2)A+BxCO2 + yCO2s xCO2 (2.22)
2.8.20 Sovova Model
Sovova [24] proposed a density based models as shown below:
y2− y1 = ky3my1n (2.23)
where y2 is the solubility of the solute in mole fraction.
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2.8.21 Modified Sovova Model
Sovova [25] proposed a density based models as shown below:
y2− y1 = ky3my1neb/T (2.24)
where y2 is the solubility of the solute in mole fraction.
84
Bibliography
[1] J. M. Prausnitz, R. N. Lichtenthaler, and E. G. de Azevedo, Molecular ther-
modynamics of fluid-phase equilibria. Pearson Education, 1998.
[2] R. Span and W. Wagner, “new equation of state for carbon dioxide covering
the fluid region from the triple-point temperature to 1100 k at pressures up
to 800 mpa,” Journal of physical and chemical reference data, vol. 25, no. 6,
pp. 1509–1596, 1996.
[3] C.-C. Tsai, H.-m. Lin, and M.-J. Lee, “Solubility of c.i. disperse violet 1 in
supercritical carbon dioxide with or without cosolvent,” Journal of Chemical
& Engineering Data, vol. 53, pp. 2163–2169, Aug 2008.
[4] C. B. Kautz, B. Wagner, and G. M. Schneider, “High-pressure solubility of
1,4-bis-(n-alkylamino)-9,10-anthraquinones in near- and supercritical car-
bon dioxide,” The Journal of Supercritical Fluids, vol. 13, pp. 43–47, Jun
1998.
[5] J. Mendez-santiago and A. S. Teja, “solubility of solids in supercritical flu-
ids,” Fluid Phase Equilib, vol. 158–160, pp. 501–510, 1999.
85
[6] J. Chrastil, “Solubility of solids and liquids in supercritical gases,” The Jour-
nal of Physical Chemistry, vol. 86, no. 15, pp. 3016–3021, 1982.
[7] S. K. Kumar and K. P. Johnston, “Modelling the solubility of solids in su-
percritical fluids with density as the independent variable,” The Journal of
Supercritical Fluids, vol. 1, no. 1, pp. 15–22, 1988.
[8] H.-D. Sung and J.-J. Shim, “Solubility of ci disperse red 60 and ci disperse
blue 60 in supercritical carbon dioxide,” Journal of Chemical & Engineering
Data, vol. 44, no. 5, pp. 985–989, 1999.
[9] C. Garlapati and G. Madras, “Solubilities of hexadecanoic and octadecanoic
acids in supercritical co2 with and without cosolvents,” Journal of Chemical
& Engineering Data, vol. 53, no. 12, pp. 2913–2917, 2008.
[10] J. C. Gonza´lez, M. R. Vieytes, A. M. Botana, J. M. Vieites, and L. M.
Botana, “Modified mass action law-based model to correlate the solubility
of solids and liquids in entrained supercritical carbon dioxide,” Journal of
Chromatography A, vol. 910, no. 1, pp. 119 – 125, 2001.
[11] Y. Adachi and B. C.-Y. Lu, “Supercritical fluid extraction with carbon diox-
ide and ethylene,” Fluid Phase Equilibria, vol. 14, pp. 147 – 156, 1983.
[12] R. Thakur and R. B. Gupta, “Rapid expansion of supercritical solution with
solid cosolvent (resssc) process: formation of griseofulvin nanoparticles,”
Industrial & Engineering Chemistry Research, vol. 44, no. 19, pp. 7380–
7387, 2005.
86
[13] K. D. Bartle, A. A. Clifford, S. A. Jafar, and G. F. Shilstone, “Solubilities of
solids and liquids of low volatility in supercritical carbon dioxide,” Journal
of Physical and Chemical Reference Data, vol. 20, no. 4, pp. 713–756, 1991.
[14] J. M. Del Valle and J. M. Aguilera, “An improved equation for predicting
the solubility of vegetable oils in supercritical carbon dioxide,” Industrial &
engineering chemistry research, vol. 27, no. 8, pp. 1551–1553, 1988.
[15] J. Mendez-Santiago and A. S. Teja, “Solubility of solids in supercritical flu-
ids: consistency of data and a new model for cosolvent systems,” Industrial
& Engineering Chemistry Research, vol. 39, no. 12, pp. 4767–4771, 2000.
[16] M. Sauceau, J.-J. Letourneau, D. Richon, and J. Fages, “Enhanced density-
based models for solid compound solubilities in supercritical carbon dioxide
with cosolvents,” Fluid Phase Equilibria, vol. 208, no. 1, pp. 99 – 113, 2003.
[17] Z.-R. Yu, B. Singh, S. S. Rizvi, and J. A. Zollweg, “Solubilities of fatty
acids, fatty acid esters, triglycerides, and fats and oils in supercritical carbon
dioxide,” The Journal of Supercritical Fluids, vol. 7, no. 1, pp. 51 – 59, 1994.
[18] M. Gordillo, M. Blanco, A. Molero, and E. M. de la Ossa, “Solubility of
the antibiotic penicillin g in supercritical carbon dioxide,” The Journal of
Supercritical Fluids, vol. 15, no. 3, pp. 183 – 190, 1999.
[19] M. Gordillo, C. Pereyra, and E. M. de la Ossa, “Measurement and correlation
of solubility of disperse blue 14 in supercritical carbon dioxide,” The Journal
of Supercritical Fluids, vol. 27, no. 1, pp. 31 – 37, 2003.
87
[20] D. H. Ziger and C. A. Eckert, “Correlation and prediction of solid-
supercritical fluid phase equilibriums,” Industrial & Engineering Chemistry
Process Design and Development, vol. 22, no. 4, pp. 582–588, 1983.
[21] G. Anderson, S. Castet, J. Schott, and R. Mesmer, “The density model for
estimation of thermodynamic parameters of reactions at high temperatures
and pressures,” Geochimica et Cosmochimica Acta, vol. 55, no. 7, pp. 1769
– 1779, 1991.
[22] E. Pe´rez, A. Caban˜as, J. A. R. Renuncio, Y. Sa´nchez-Vicente, and C. Pando,
“Cosolvent effect of methanol and acetic acid on dibenzofuran solubility
in supercritical carbon dioxide,” Journal of Chemical & Engineering Data,
vol. 53, no. 11, pp. 2649–2653, 2008.
[23] F. Wubbolts, O. Bruinsma, and G. van Rosmalen, “Measurement and mod-
elling of the solubility of solids in mixtures of common solvents and com-
pressed gases,” The Journal of Supercritical Fluids, vol. 32, no. 1, pp. 79 –
87, 2004.
[24] H. Sovova´, “Solubility of ferulic acid in supercritical carbon dioxide with
ethanol as cosolvent,” Journal of Chemical & Engineering Data, vol. 46,
no. 5, pp. 1255–1257, 2001.
[25] Z. Tang, J.-s. Jin, Z.-t. Zhang, X.-y. Yu, and J.-n. Xu, “Solubility of 3,5-
dinitrobenzoic acid in supercritical carbon dioxide with cosolvent at temper-
atures from (308 to 328) k and pressures from (10.0 to 21.0) mpa,” Journal





In this chapter, presented the experimental results were correlated by equation
of state, how to calculate pure component as data for correlate the solubility of
anthraquinone dyestuffs by equation of state. Furthermore, create the graph to
compare between experimental and calculated values by equation of state.
3.2 Equation of state
Equation of state permit correlation and extrapolation of experimental data that
can be much more convenient and more broadly than the available charts. To
compute the solubility of solid anthraquinone dyestuffs in sc-CO2, a fundamental
equation for phase equilibrium [1] can be used to relate fugacity of the solute in
the solid and fluid phase as :




Where f with superscript s is the fugacity of the solute in the pure solid phase, and
superscript p is the fugacity of the solute in the fluid phase solution, as a function
of mole fraction (y2) and fugacity coefficient (φ2).
f v2 = y2φ2P, (3.2)
If the solid phase is a pure phase, fugacity of the solid can be expressed as:











Where T is the temperature, P is the pressure, v2s is the molar volume of the solute
solute, P2s is the vapor pressure of the solid, R is the gas constant (8.314 J/mol.K).
Due to the low vapor pressure, the values of φ s2 can be taken unity for most solutes
that do not have a strong tendency of association. Due to the incompressibility
of the solid, values of v2s can be assumed to be pressure independent. Hence, the




















The most important term in this equation is φ2, which can be far from unity
and thus responsible for enhancement factor of as high as 1000 or even higher.
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The fugacity of the solute in fluid phase (φ2) can be calculated from equation
(Prausnitz et. al)[1]

















where n2 is moles of solid solute, n1 is the number of moles of CO2, and v is the
molar volume of the mixture. To evaluate v, can be used suitable equation of state.
Two popular equation of state are commonly used; Peng - Robinson, and Readlich
- Kwong [2, 3].
3.2.1 The Peng-Robinson Equation of State







































where b2 and a2 are size and energy parameter for pure component 2. Similarly,
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Mixture, size, and energy parameter can be evaluate using van der Waals one-
fluid mixing rules and combining with binary parameters as
a = y21a1+2y1y2
√
a1a2(1− k12)+ y22a2 (3.12)
b = y21b1+ y1y2(b1+b2)(1− c12)+ y22b2 (3.13)
where c12 and k12 are adjustable parameters due to solute CO2 interaction that
are not accounted.
Peng-Robinson Stryjek-Vera (PRSV)







a = (0.45724R2T 2c /Pc)α; b = 0.07780RTc/Pc (3.15)
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and
α = [1+κ(1−T 0.5R )]2 (3.16)
Peng and Robinson (1976) considered κ to be a function of the acentric factor
only. The Peng-Robinson Stryjek-Vera (PRSV)[4] equation considers κ to be a
function of acentric factor and reduced temperature of the form
κ = κ0+κ1(1+T 0.5R )(0.7−TR) (3.17)
with
κ0 = 0.378893+1.4897153ω−0.17131848ω2+0.0196554ω3. (3.18)
The cross parameters ai j and bi j are given by the following van der Waals com-
bining rules




(bii+b j j), (3.20)
where the binary interaction parameter ki j was expressed by
ki j = αi j +βi j/TR. (3.21)
κ1 is an adjustable parameter characteristic of each pure compound. The
Peng-Robinson equation is applicable only for hydrocarbons and slightly polar
compounds at reduced temperatures of about 0.7 and above, the PRSV equation
is applicable for all compounds independent of their size, shape, polarity or de-
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gree of association. The modification of the dependence of κ on acentric factor
assures accurate representation of pure compound vapor pressures at a reduced
temperature of 0.7 and the introduction of one adjustable parameter allows the
reproduction of vapor pressures as low as 1 kPa. Tables 3.1 to 3.3 summarised
the critical properties of anthraquinone derivatives used. The reduced temperature
TR is given by T/Tc. The critical properties Tc and Pc, acentric factor ω , molar
volume, and sublimation pressure of the solid component. The critical properties
of anthraquinone were estimated by the Miller method [5], the molar volume by
the Fedors method [6], and the acentric factor by the Edmister method [7]. The
sublimation vapor pressure of the solid dyes was estimated by the method of Lee
- Kesler [7]. The correlated results for anthraquinone derivatives in sc-CO2 using
PRSV EOS are shown in Figures 2.24 to 3.6. Good agreement between the exper-
imental and calculated solubilities of the anthraquinone derivatives was obtained
by using equation of state (PRSV EOS).
MIXING RULES
Some authors (Prausnitz, Soave, 1984; Stryjek and Vera, 1985a,b,c) [1, 4, 18]
have shown that cubic equations of state using the conventional one parameter
mixing rule are unable to represent accurately vapor-liquid equilibria of strongly
non ideal binary systems presenting asymmetry in the excess Gibbs energy as a
function of composition.
a =∑∑xix jai j, (3.22)
with,
ai j = (aia j)0.5(1− ki j), (3.23)
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Table 3.1: Physical properties for 1,4-diaminoanthraquinone (C.I. Disperse Violet
1) and 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59).
1-amino-4- 1-hydroxy-4-
hydroxyanthraquinone nitroanthraquinone
Tm/ (K) 539.15a 469.65b
∆hm2 / (kJ · mol−1) 24.2c 39.49d
vs2/ (m
3 · mol−1)e 1.178 · 10−4 1.88 · 10−4
Tc/ (K) f 987.045 945.34
Pc/ (MPa) f 3.128 2.103
ωg 1.015 1.142
Psubl2 (at T = 323.15 K)/ (Pa)
h 6.911 · 10−7 5.352 · 10−7
Psubl2 (at T = 353.15 K)/ (Pa)
h 5.549 · 10−5 4.759 · 10−5
Psubl2 (at T = 383.15 K)/ (Pa)
h 2.030 · 10−3 1.876 · 10−3
a Observed by Murdock et al. [8].
b Observed by Ramrao et al. [9].
c Estimated by Jain et al. method [10].
d Estimated by Jain et al. method [10].
e Estimated by Fedors method [6].
f Estimated by Miller method [5].
g Estimated by Edmister method [7].
h Estimated by Lee-Kesler method [7].
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Table 3.2: Physical properties for 1-amino-4-hydroxyanthraquinone (C.I. Dis-
perse Red 15) and 1-hydroxy-4-nitroanthraquinone.
1-amino-4- 1-hydroxy-4-
hydroxyanthraquinone nitroanthraquinone
Tm/ (K) 481a 540b
∆hm2 / (kJ · mol−1)c 27.95 27.05
vs2/ (m
3 · mol−1)d 1.116 · 10−4 1.214 · 10−4
Tc/ (K)e 921.01 913.95
Pc/ (MPa)e 3.068 2.774
ω f 0.982 1.046
Psubl2 (at T = 323.15 K)/ (Pa)
g 3.593 · 10−5 1.767 · 10−5
Psubl2 (at T = 353.15 K)/ (Pa)
g 1.807 · 10−3 1.008 · 10−3
Psubl2 (at T = 383.15 K)/ (Pa)
g 4.468 · 10−2 2.214 · 10−2
a Observed by Krapcho et al. [11].
b Observed by Eckert et al. [12].
c Estimated by Jain et al. method[10].
d Estimated by Fedors method [6].
e Estimated by Miller method [5].
f Estimated by Edmister method [7].
g Estimated by Lee-Kesler method [7].
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Table 3.3: Physical properties for 1,4-diamino-2,3-dichloroanthraquinone (C.I.
Disperse Violet 28) and 1,8-dihydroxy-4,5-dinitroanthraquinone.
1,4-diamino-2,3- 1,8-dihydroxy-4,5-
dichloroanthraquinone dinitroanthraquinone
Tm/ (K) 576a 573.06b
∆hm2 / (kJ · mol−1)b 29.82 30.77
vs2/ (m
3 · mol−1)c 1.758 · 10−4 1.254 · 10−4
Tc/ (K) 919.7d 1045.5e
Pc/ (MPa) 2.402d 3.15e
ω 1.091 f 0.733g
Psubl2 (at T = 323.15 K)/ (Pa)
h 5.675 · 10−6 7.791 · 10−6
Psubl2 (at T = 353.15 K)/ (Pa)
h 3.760 · 10−4 3.648 · 10−4
Psubl2 (at T = 383.15 K)/ (Pa)
h 1.162 · 10−2 8.687 · 10−3
a Observed by Goi et al. [13].
b Estimated by Jain et al, method [10].
c Estimated by Fedors method [6].
d Estimated by Miller method [5].
e Estimated by Gani group contribution method [14].
f Estimated by Edmister method.[6]
g Estimated by Poling et al. method [15].
h Estimated by Lee-Kesler method [7].
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Table 3.4: Physical properties for 1-aminoanthraquinone and 1-
nitroanthraquinone.
1-aminoanthraquinone 1-nitroanthraquinone
Tm/ (K) 526a 505.5b
∆hm2 / (kJ · mol−1)c 24.07 23.16
vs2/ (m
3 · mol−1)d 1.176 · 10−4 1.554 · 10−4
Tc/ (K)e 928.1 916.6
Pc/ (MPa)e 3.142 2.836
ω f 0.853 0.921
Psubl2 (at T = 323.15 K)/ (Pa)
g 1.916 · 10−4 9.073 · 10−5
Psubl2 (at T = 353.15 K)/ (Pa)
g 7.143 · 10−3 3.863 · 10−3
Psubl2 (at T = 383.15 K)/ (Pa)
g 1.388· 10−1 8.349 · 10−2
a Observed by Ruedige et al. [16].
b Observed by Beisler et al. [17].
c Estimated by Jain et al. method [10].
d Estimated by Fedors method [6].
e Estimated by Miller method [5].
f Estimated by Edmister method.[6]
g Estimated by Lee-Kesler method [7].
Table 3.5: Parameters of equation 3.17 and 3.21 and average absolute relative
deviation (AARD) between the experimental and calculated values.
System αi j · 10 βi j · 102 κ1 AARD
/ %
1,4-diaminoanthraquinone 0.1328 5.331 0.10001 7.60
1,4-bis(ethylamino)anthraquinone -1.096 9.485 0.1000 13.11
1-amino-4-hydroxyanthraquinone -0.417 7.31 0.10006 13.57
1-hydroxy-4-nitroanthraquinone 2.113 -0.55 0.10011 8.21
1,4-diamino-2,3-dichloroanthraquinone 3.48 -4.54 0.100093 16.1
1,8-dihydroxy-4,5-dinitroanthraquinone 3.61 -3.97 0.100165 8.7
1-aminoanthraquinone (Smoke Orange G) 0.85 3.40 0.100088 10.5
1-nitroanthraquinone 0.11 16.15 0.100108 13.1
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Figure 3.1: Plot of mol fraction 107y2 against Pressure P/MPa to correlate results
for 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) from PRSV equation of
state (equation 3.17-3.18 ).
99
Figure 3.2: Plot of mol fraction 107y2 against Pressure P/MPa to correlate results
for 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) from PRSV equation
of state (equation 3.17-3.18 ).
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Figure 3.3: Plot of mol fraction 107y2 against Pressure P/MPa to correlate results
for 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) from PRSV equation
of state.
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Figure 3.4: Plot of mol fraction 107y2 against Pressure P/MPa to correlate results
for 1-hydroxy-4-nitroanthraquinone from PRSV equation of state.
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Figure 3.5: Plot of mol fraction 107y2 against Pressure P/MPa to correlate results
for 1-aminoanthraquinone from PRSV equation of state.
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Figure 3.6: Plot of mol fraction 107y2 against Pressure P/MPa to correlate results




Complex two-binary-parameter mixing rules have been proposed by (Huron
and Vidal, 1979; Mollerup, 1981; Whiting and Prausnitz, 1982) [1]. From a prac-
tical point of view it is desirable to have a two-binary-parameter mixing rule that
when required reduces to the conventional form, equation 3.23, thus allowing
the treatment of multicomponent mixtures whose constituent binary systems may
present symmetric or asymmetric excess Gibbs energy functions. One such mix-
ing rule has been proposed by Stryjek and Vera, 1985 [4]. For a binary mixture of
components i and j as
ai j = (aia j)0.5(1− xiki j− x jk ji), (3.25)
where ai j = a ji, but ki j 6= k ji,
By using equation 3.22, 3.24 , and 3.25 as mixing rules, the fugacity coefficient










(xiaii+ x jai j + xix2j(aia j)

















3.2.2 Redlich-Kwong Equation of State







This equation will be used in the form;


























The relationship between fugacity, volume, and pressure for the fugacity co-
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This equation has been modified by replacing the term a/T 0.5 with a more general


















this equation can be written as
Z3−Z2+Z(A−B−B2)−AB = 0 (3.40)
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and,








At temperatures other than the critical,
ai(T ) = aciαi(T ) (3.43)
where ai(T ) is an dimensional factor which becomes unity at T = Tci. By
using eq 3.41- 3.43 , for pure component, eq 3.38 and 3.39 become:








































1− (0.7)0.5 , (3.49)
mi = 0.480+1.574ωi−0.176ω2i , (3.50)












































































3.3 Calculate the pure component (Physical proper-
ties)
In this section, we will explain how to calculate the pure component (Physical




2 , Tc, and Pc.
3.3.1 Calculated ∆hm2 and Tm
The ∆hm2 and Tm were obtained from experimental results or calculate by using the
Jain et al method [10]. At the equilibrium, the free energy transition is equal to
zero. Therefore, the transition temperature Ttr related to the enthalpy of transition





by assume that the enthalpy of melting of an organic molecule dependent upon the
interactions between its molecular fragments and therefore can be calculated by
the summing up of its constituent group values. The total phase change enthalpy
of melting, ∆Hm (kJ/mol) can be calculated by
∆Hm =∑nimi, (3.58)
where ni is number of times a. group i appears in a compound, and mi is the contri-
bution of group i to the enthalpy of melting. Figure 3.8 illustrate how to calculate
the group contribution. Dannenfelser and Yalkowsky [19] proposed equation for
the total entropy of melting,(∆Sm) can be estimated by the semiempirical equation
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as
∆Sm = 50−R ln σ −R ln φ , (3.59)
where σ is the number of positions a molecule that can be rotated, and φ indicates
the molecular flexibility as an exponential function of the chain length and can be
calculated by
φ = 2.435SP3+0.5SP2+0.5RING−1, (3.60)
The SP3 is the number of nonring, nonterminal SP3(such as CH2, CH, C, NH, O,
and S). The SP2 is the number of non ring, nonterminal SP2(such as =CH, =C,
=N, and C=O), and RING is the number of aromatic ring systems. By substi-




50−R ln σ −R ln φ , (3.61)
3.3.2 Calculated vs2 (molar volume)
Fedors et al, proposed method to calculated molar volume, vs2 as following.
v =∑vi, (3.62)








(Ring closure, 5 or more atoms)  

























Figure 3.9: An example for calculated group contribution (Miller method) [5] for
1,8-dihydroxy-4,5-dinitroanthrquinone.
3.3.3 Calculated ω (omega)








The Psubl2 can be calculated by Lee-Kesler method as
ln (Psublr ) = f
(0)(Tr)+ω f (1)(Tr), (3.64)
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The solution containing mixtures of polymer and solvent, Flory Huggins teory is
most commonly used. In this study, we used the regular solution model coupled











(δ1−δ2)2− ln (v2/v1)−1+ v2/v1, (4.1)
where ∆hm2 and Tm are the melting enthalpy and melting temperature of solid
component, respectively. v1 and v2 are the molar volume of sc-CO2 and solid








ρR ( = ρ /ρc ) is the reduced density of CO2, ρ , the density of sc-CO2 was ρc, and
Pc are the critical density and pressure of CO2. The solute solubility parameter
was assumed to change as a function of the CO2 density in the present work,
δ2 = a+bρCO2, (4.3)
and
δ2 = a+bρcCO2, (4.4)
Table 4.1 summarized parameters of equation 4.3 and 4.4 and average ab-
solute relative deviation (AARD) between the experimental and calculated val-
ues. Figure 4.1 to figure 4.6 illustrated plot of mol fraction 107y2 against density
ρ/(mol·m−3) to correlate results for anthraquinone derivatives used from regular
solution model with Flory-Huggins equation (equation 4.3) and 4.4), and that ac-
curate results of the solubility was obtained by regular solution model with Flory-
Huggins theory.
119
Table 4.1: Parameters of equation 4.3 and 4.4 and average absolute relative devi-
ation (AARD) between the experimental and calculated values
System a / (Pa) b c AARD / %
(Pa· m3 · mol−1)
1,4-diaminoanthraquinone 21072 0.44969 8.4
22359 0.0080908 1.4007 6.80
1,4-bis(ethylamino)anthraquinone 16650 0.39085 9.6
17454 0.0070670 1.4207 8.3
1-amino-4-hydroxyanthraquinone 20051 0.46311 18.1
21679 0.0032350 1.4858 6.5
1-hydroxy-4-nitroanthraquinone 19072 0.50536 10.9
20097 0.058520 1.2083 6.7
1,4-diamino-2,3-dichloroanthraquinone 15993 0.55732 26.2
17947 0.004193 1.478 11.2
1,8-dihydroxy-4,5-dinitroanthraquinone 19272 0.5200 14.5
18565 1.4701 0.90117 14.8
1-aminoanthraquinone 18888 0.48273 24.1
20536 0.0050054 1.4467 11.8
1-nitroanthraquinone 16301 0.56996 16.5
17602 0.040204 1.2578 10.8
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Figure 4.1: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate re-
sults for 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) from regular solution
model with Flory-Huggins equation (equation 4.3 and 4.4).
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Figure 4.2: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) from regular
solution model with Flory-Huggins equation (equation 4.3 and 4.4).
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Figure 4.3: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate
results for 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) from regular
solution model with Flory-Huggins equation (equation 4.3 and 4.4).
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Figure 4.4: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate re-
sults for 1-hydroxy-4-nitroanthraquinone from regular solution model with Flory-
Huggins equation (equation 4.3 and 4.4).
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Figure 4.5: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate re-
sults for 1-aminoanthraquinone from regular solution model with Flory-Huggins
equation (equation 4.3 and 4.4).
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Figure 4.6: Plot of mol fraction 107y2 against density ρ/(mol·m−3) to correlate re-
sults for 1,8-dihydroxy-4,5-dinitroanthrquinone from regular solution model with
Flory-Huggins equation (equation 4.3 and 4.4).
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This thesis reported the measurement and correlation of solubility anthraquinone
derivatives in supercritical carbon dioxide, contain eight binary system as follows:
1. 1,4-diaminoanthraquinone (C.I. Disperse Violet 1) + Carbon dioxide
2. 1,4-bis(ethylamino)anthraquinone (C.I. Solvent Blue 59) + Carbon dioxide
3. 1-amino-4-hydroxyanthraquinone (C.I. Disperse Red 15) + Carbon dioxide
4. 1-hydroxy-4-nitroanthraquinone + Carbon dioxide
5. 1,4-diamino-2,3-dichloroanthraquinone + Carbon dioxide
6. 1,8-dihydroxy-4,5-dinitroanthrquinone + Carbon dioxide
7. 1-aminoanthraquinone (Smoke Orange G) + Carbon dioxide
8. 1-nitroanthraquinone + Carbon dioxide
In this chapter summarized solubilities of anthraquinone dyestuffs in supercritical
carbon dioxide by using the data experimentally measured by us, and have pub-
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lished in scientific international journals [1, 2, 3, 4]. The solubilities of these com-
pounds were correlated with several semiempirical equations [5, 6, 7, 8, 9, 10], and
equation of state (EOS), focused on the solubility change of anthraquinone deriva-
tives containing the substituent groups —NO2, —OH, —NH2 because among the
dyestuffs used in dyeing processes, there exist anthraquinone derivatives formed
by several functional groups. The solubility changes of anthraquinone derivatives
in sc-CO2 by the substituent groups on the anthraquinone. Table 5.1 summa-
rized the solubility changes of anthraquinone derivatives in sc-CO2 at 383,15 K
and pressure of 25 MPa. These solubility changes in accordance with the trend
results from the molecular interactions among the CO2 molecule with function-
alized benzenes consisting of —NO2, —OH, —NH2 substituents examined by
using the density functional theory [11].
Figure 5.1 and figure 5.2 illustrated solubility of anthraquinone in (sc-CO2)
as a function of molecular weight at T = 383.15 and P = 25 MPa. It was found
that solubility is not affected by molecular weight. Figure 5.3 is solubility of
anthraquinone in (sc-CO2) as a function of melting point (K) at T = 383.15 and
P = 25 MPa. This figure show that melting slightly affects the solubility in an-
thraquinone. Figure 5.4 illustrated solubility of anthraquinone in (sc-CO2) as a
function of sublimation pressure (Pa) at T = 383.15 and P = 25 MPa. It was found
that sublimation pressure most significantly affect to the solubility, solubility in-
crease with increasing sublimation pressure. The solubilities of anthraquinone
derivatives above were measured over the pressure ranges (12.5 to 25.0) MPa and
at the temperatures of (323.15, 353.15, and 383.15) K by a flow-type apparatus,
and correlated successfully in terms of the density of carbon dioxide with the
empirical equations of Mendez - Santiago - Teja, Chrastil, Sung - Shim, Kumar-
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Table 5.1: Solubility of antraquinone derivatives at 383,15 K and pressure of 25
MPa











Figure 5.1: Solubility of anthraquinone in (sc-CO2) as a function of molecular
weight at T = 383.15 and P = 25 MPa .
Johnston, and also correlated satisfactorily with Flory - Huggins theory ,and the
Peng - Robinson equation of state modified by Stryjek and Vera (PRSV EOS) with
the conventional mixing rules. The solubility of 1-aminoanthraquinone (Smoke
Orange G) in the entire region of measurements is highest. Good agreement be-
tween the experimental and calculated solubility of the dyestuffs was obtained.
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Figure 5.2: Increase rate solubility of anthraquinone in (sc-CO2) as a function of
molecular weight at T = 383.15 and P = 25 MPa .
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Figure 5.3: Solubility of anthraquinone in (sc-CO2) as a function of melting point
(K) at T = 383.15 and P = 25 MPa .
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Figure 5.4: Solubility of anthraquinone in (sc-CO2) as a function of sublimation
pressure (Pa) at T = 383.15 and P = 25 MPa .
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